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Abstract

Low-temperature magneto-optical imaging of a single crystal of magnetic superconductor Sm1:85Ce0:15CuO4�x

(SCCO) revealed unusual distribution of the magnetic induction upon magnetic flux penetration and expulsion,

implying very low flux pinning. Although some observed features could be compatible with surface or geometric barrier

on flux entry, flux exit exhibits distinctively different behavior showing magnetic flux trapped around the sample edge.

The role of magnetism in the reduction of pinning is discussed.

� 2004 Elsevier B.V. All rights reserved.
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Magneto-optical technique is a powerful method

to study distributions of the magnetic induction
on the surface of superconductors. Appeared in

late 50s [1] and greatly improved in late 60s [2,3], it

has become a unique tool for the experimental

studies of these materials. The idea behind the

technique is to place a transparent magnetic

material (an indicator) on the surface of a studied

object. Linearly polarized light propagating

throughout the indicator and reflected back is ro-
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tated proportionally to the magnetization strength

along the direction of light (Faraday effect). If
indicator is a soft magnetic material, the distribu-

tion of the magnetization inside the indicator will

mimic the distribution of the perpendicular com-

ponent of the magnetic induction on the surface of

a studied sample. Various indicators were used.

For an extensive review of the magneto-optical

technique and its applications, see Ref. [4]. The

widespread use of magneto-optics for studying
high-Tc superconductors started with the advent of

so-called in-plane indicators [5–7], which have

spontaneous magnetization lying in the indicator

plane. Without external magnetic field, there is no

Faraday rotation. When perpendicular magnetic
ed.
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field is applied, non-zero perpendicular component

of the magnetization is induced and the intensity

of light through an analyzer (perpendicular to a

polarizer) increases proportionally to the applied

field strength. When such indicator is placed on a

superconductor, distribution of the magnetization
inside the indicator is proportional to the distri-

bution of the perpendicular component of the

magnetic induction on a superconductor’s surface.

Therefore, it can be visualized as a real-time two-

dimensional optical picture.

This version of the magneto-optical technique

has been applied to study Meissner state in high-Tc
crystals YBa2Cu3O7 (YBCO) where magnetic flux
expulsion was observed upon cooling [6,7]. A

dome-like shape formation observed in some

YBCO crystals (and even untwined parts of the

same crystal) was interpreted as interplay of the

increasing strength of Meissner currents and pin-

ning forces. In this work, the dome-like shape is

also found on flux penetration. Flux exit, however,

exhibits different type of irreversible behavior,
perhaps due to a novel type of a geometric barrier.

Our observations are different from well-known

‘‘edge barriers’’. A common term ‘‘edge barrier’’ is

used to designate various mechanisms leading to a

delay of vortex penetration, which includes Bean–

Livingston barrier due to vortex images as well as

geometric barrier appearing in platelet samples of

non-ellipsoidal geometry [8–10]. In all cases, the
barrier is related to the sample edge––in contrast

to the explored here neutral line barrier. The

phenomena of the edge barrier has been exten-

sively studied both experimentally and theoreti-

cally, see for summary Refs. [8–12]. The signature

of the edge barrier is the dome-like shape of the

magnetic induction distribution for flux penetra-

tion. Experimental methods, which resolved this
characteristic dome-like shape in the distribution

of a magnetic induction are miniature Hall probes

[13–15], bubble-film indicator magneto-optics [16],

spattered-film magneto-optics [17], and described

above in-plane indicators magneto-optics [18–21].

Bulk pinning competes with the formation of the

dome-like shape (not with the barrier itself), thus

hampering the observations. Therefore, in most of
studies, ultra-clean single crystals were used.

Nevertheless, some superconductors, such as
borocarbides, exhibit very low bulk pinning [22],

probably due to specifics of the layered structure.

Edge barrier in borocarbides was studied using

miniature Hall-probes in Refs. [13,14]. An in-

creased interest to borocarbides is stimulated,

because some of these materials exhibit coexistence
of superconductivity with incommensurate anti-

ferromagnetic order [14]. It was suggested that in-

commensurate antiferromagnetic transition causes

an increase in bulk pinning by formed magnetic

domains.

In this work we study another magnetic super-

conductor––Sm1:85Ce0:15CuO4�x (SCCO) which

has Tc � 16 K and a complex magnetic transition
at TN � 4:7 K [23–25]. There is a ferromagnetic

order in the Sm3þ layers whereas neighboring

layers order antiferromagnetically. The resulting

compensation of the exchange field in the location

of the superconducting Cu–O planes allows

superconductivity to survive. Such arrangement

leads to many interesting effects in resistivity,

magnetic and thermal responses [24–26], Raman
[27], infra-red spectroscopy [27,28] and magnetic

penetration depth [29]. Additional interest in this

material is stimulated by the ongoing controversy

of the pairing type in electron-doped supercon-

ductors [30] to which SCCO belongs. Although

magnetism impedes direct measurements of the

pairing symmetry in this material, there is an over-

whelming majority of data in favor of unconven-
tional pairing in electron-doped superconductors

[31,32]. This is important for the model, developed

in this work, because d-wave superconductors

are much more sensitive to magnetism compared

to s-wave superconductors.

Single crystals of Sm1:85Ce0:15CuO4�x were

grown using a technique described earlier [24]. A

sample of 3 · 2.5 · 0.03 mm was used in this work.
Magneto-optical measurements were conducted

using flow-type 4He optical cryostat placed on an

X–Y stage of a polarized-light microscope.

Fig. 1 shown penetration and expulsion of the

magnetic field into single crystal SCCO after zero-

field cooling to 5 K. Left panel, (A–C), shows flux

entry, whereas right panel shows flux expulsion.

Lighter areas correspond to larger magnetic
induction values. Some non-uniformity in the up-

per right corner of the crystal in due to vacuum



Fig. 1. Magneto-optical images of a single crystal SCCO after

zero-field cooling to 5 K. Left panel (A–C) shows increasing

magnetic field: (A) 100 Oe, (B) 230 Oe, (C) 700 Oe. Right panel

(D–F) shows decreasing field: (D) 230 Oe, (E) 100 Oe, (F)

remanent (H ¼ 0). The black line in figure (F) corresponds to

the area where induction profiles were measured.
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grease accidentally got stuck between the sample

and the indicator. Some streaks across the images

are artifacts of the indicator. The important

observation from Fig. 1 is that induction distribu-

tions upon flux penetration and flux exit are almost

uniform, in a striking contrast with the usual case

of bulk pinning where Bean penetration is expected

and observed [4]. The observed flux penetration
would be consistent with the conventional surface

or geometric barrier. However, flux exit is not. This

is demonstrated in Fig. 2, which shows magnetic

induction profiles for flux penetration after zero-

field cooling (left panel) and flux exit (right panel).

The profiles are taken along the line shown in

Fig. 1(F). Evidently, the bulk pinning is almost

absent and the distribution of the magnetic
induction is governed by the edge barrier on flux

penetration. However, there is trapped magnetic

flux in the remanent state, the dome like shape is

not formed and overall distribution of the mag-

netic induction contradicts simple surface or geo-

metric barrier physics. To underline the difference
between flux penetration and flux exit, magnetic

induction profiles are plotted on the same graph

(Fig. 3) for flux penetration and exit in the external

field of 100 Oe.

Magnetic induction peaks are situated well in-

side the sample (at �0.3 mm with the sample

center at 1.3 mm from the edge). This distance

from the edge is too large to be a k-layer, within
which the typical edge barrier would be effective.

Most importantly, this barrier works for flux entry

as well as for flux exit. Indeed, it could be ex-

plained by the enhanced vortex pinning at the

perimeter of the sample, but this usually comes

from chemical inhomogeneities or surface rough-

ness. Both are noticeable only at much smaller

distances from the edge. Moreover, X-ray struc-
tural analysis, heat capacity and resistivity mea-

surements did not reveal any inhomogeneities or a

second phase. To further emphasize the difference

between flux entry and exit, three-dimensional

distributions are shown in Fig. 4. The height is

proportional to the magnetic induction. Roughly

half of the sample is shown––to emphasize the flux

structure in the interior. Top picture in Fig. 4
shows three-dimensional distribution on flux pen-

etration, whereas bottom picture shows trapped

flux. Evidently, the distribution of flux is quite

uniform and, therefore, cannot be attributed to

some spurious effects.

We propose an alternative explanation of the

observed effect. In SCCO, magnetic field intensity

in the vortex core is sufficient to polarize Sm3þ

spins. These magnetic moments contribute to the

total flux curried by the vortex and produce self-

field, which must be screened by the supercon-

ductor. Since total flux of the vortex must be one

flux quanta, /0, shielding currents around the

vortex are reduced. As a result, London penetra-

tion depth significantly increases [29]. It is also

possible that enhanced pair-breaking in the vortex
core would lead to the decrease of the coherence

length. Both effects lead to the suppression of



Fig. 2. Magnetic flux penetration (left panel) and magnetic flux exit (right panel).

Fig. 3. Profile of magnetic induction for flux penetration (solid

symbols) and exit (open symbols) for the external field of 100

Oe.

Fig. 4. Three-dimensional distribution of the magnetic induc-

tion upon flux penetration (top) and flux exit (bottom) shown

for half of the sample (the cross-section plane faces the reader).
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vortex pinning. Transverse (in-plane) component

of the magnetic field, which leads to vortex bend-

ing in platelet samples would also lead to Sm3þ

spins deviation from the antiferromagnetic can-

cellation on the Cu–O planes. However, since this

field is parallel to the Cu–O plane, it does not
cause significant suppression of the supercon-

ducting order parameter due to the absence of the

orbital effects. This situation makes vortex pinning

to become extremely angle dependent.

There are several possible reasons for the con-

centration of magnetic flux upon flux exit. Similar

effect has been previously observed for samples

with weak bulk pinning [33]. The trivial explana-
tion is imperfections and enhanced defect structure

at the sample edges. However, this mechanism is

unlikely due to very uniform shielding in the

Meissner state. Edge defects usually result in

dendrite-like penetration of the magnetic flux.

Another possibility could be related to the platelet

geometry of the sample and vortex bending. This

effect is somewhat similar to the intrinsic pinning
in layered superconductors where vortex bending

could explain the zero-field peak in magnetization

loops [34,35]. With significant anisotropy of pin-

ning enhanced by the magnetic component, the

distribution of vortex density would behave irre-

versibly when magnetic field is decreased and a

region around neutral line will retain trapped

vortices upon flux exit. According to our model, at
large fields (H � Hc1, when vortex bending is

negligible) almost uniform Bean current is ach-

ieved. Upon subsequent reduction of external field,

vortices around neutral line remain pinned, as seen

in Figs. 2 and 3 and ultimately trapped (Fig. 4)

thus forming an apparent barrier for flux exit.

Indeed, more rigorous calculations are needed and

alternative explanations for the observed effect
should be considered.
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